Abstract Ganoderma species are a group of fungi that have the ability to degrade lignin polymers and cause severe diseases such as stem and root rot and can infect economically important plants and perennial crops such as oil palm, especially in tropical countries such as Malaysia. Unfortunately, very little is known about the complex interplay between oil palm and Ganoderma in the pathogenesis of the diseases. Proteomic technologies are simple yet powerful tools in comparing protein profile and have been widely used to study plant-fungus interaction. A critical step to perform a good proteome research is to establish a method that gives the best quality and a wide coverage of total proteins. Despite the availability of various protein extraction protocols from pathogenic fungi in the literature, no single extraction method was found suitable for all types of pathogenic fungi. To develop an optimized protein extraction protocol for 2-DE gel analysis of Ganoderma spp., three previously reported protein extraction protocols were compared: trichloroacetic acid, sucrose and phenol/ammonium acetate in methanol. The third method was found to give the most reproducible gels and highest protein concentration. Using the later method, a total of 10 protein spots (5 from each species) were successfully identified. Hence, the results from this study propose phenol/ammonium acetate in methanol as the most effective protein extraction method for 2-DE proteomic studies of Ganoderma spp.
Introduction
Basidiomycetes are a group of filamentous fungi with attractive ecological and commercial values due to their ability to cause diseases in a wide range of plant species, and its capability to synthesize enzyme especially in the degradation of carbon compounds in biotechnological applications [1, 2] . Majority of the most devastating plant parasitic fungi that cause serious diseases and significant yield losses in crops belong to the Basidiomycetes class [3] . Ganoderma is a genus of wood degrading basidiomycetes that have worldwide distribution and cause stem and roots rot in many plantations crops [4] . In Malaysia, a few species have been reported to be the causal agents for Basal stem rot (BSR) disease in oil palm, including Ganoderma boninense, Ganoderma miniatotinctum, and Ganoderma zonatum [5] . Ganoderma tornatum, on the other hand, is considered as non-pathogenic [6] . BSR can affect more than three-quarter of the oil palm plantation during the productive life cycle of the plant [7] . G. boninense is the most notable fungus to be the main devastating pathogen for oil palm, with estimated economic loss caused by this pathogen to be up to half a billion USD annually [8, 9] , and BSR remains the major threat for oil palm plantation in Southeast Asia countries [4, 5] . Other than that, G. boninense and G. zonatum can cause upper stem rot (USR) disease in oil palm [10] [11] [12] . Proteomic studies using gel-based techniques for protein separation coupled with mass spectrometric identification are considered as important research tools in studying plant pathogen interaction [13, 14] . Moreover, proteomics has been used to profile the different developmental stages of the phyto-phathogenic fungi, and the secretome for a number of fungal species [15] . Protein extraction is considered one of the most critical stages for gel-based fungal proteomic approaches due to its effect on the quality and quantity of the protein content to be investigated [16] . Obtaining adequate amount of high quality fungal protein samples for proteomic analysis remains a big challenge [15] . For example, sample preparation from fungal mycelium for proteomic research is mainly tricky due to the presence of interfering substances [17] . There are many techniques of extracting proteins from pathogenic basidiomycetes used in fungal proteomic studies [18] [19] [20] . However, in spite of the availability of these protocols, there is none that is applicable to all types of fungal tissues. In view of this and considering the fact that there is no report on optimized protein extraction protocol from Ganoderma spp. related to BSR disease, this study was carried out aiming first to compare three different protein extraction procedures and determine their compatibility with Ganoderma tissues, and secondly, to apply the extracted proteins to 2-DE gels analysis in order to produce gels with a good resolution and high protein spot coverage for two different species of Ganoderma, namely G. boninense (pathogenic) and G. tornatum (non-pathogenic).
Materials and Methods

Fungal Materials
Both species, G. boninense (PER71) and G. tornatum (NPG1) were obtained from Malaysian Palm Oil Board (MPOB), Kajang, Malaysia. The cultures were maintained at Cellular Biology Laboratory, Agro-Biotechnology Institute Malaysia, Serdang, Malaysia. Both species were re-isolated by plating discolored roots (1 cm cuttings) onto the Ganoderma Selective Medium [21] . Incubated plates (at 25°C) were observed for mycelia growth.
Protein Extraction Methods
Three protein extraction protocols were compared i.e. the trichloroacetic acid (TCA) method, sucrose method and phenol/ammonium acetate in methanol method to determine the most suitable method for 2-DE analysis for Ganoderma spp.
TCA Method
Total protein extraction was carried out according to Isola et al. [22] with some modifications. A total of 200 mg of myclium of each species were grinded in pre-cooled mortar in the presence of 10 % (W/V) trichloroacetic acid (TCA), acetone (-20°C), 0.07 % (V/V) 2-mercaptoethanol (2-ME) and 0.1 g of polyvinylpolypyrrolidone (PVPP). About an hour later, at -20°C, a pellet was obtained by centrifugation at 13,000g for 20 min at 4°C. The collected pellet was rinsed with 10 ml of cold acetone/0.07 % (V/V) 2-ME and kept for 1 h in -20°C. The pellet was collected by centrifugation at 13,000g for 20 min at 4°C and rinsed two times with 80 % chilled acetone. Finally, the pellet was dried using ScanSpeed MiniVac Evaporator (Saur, Reutlingen, Germany) and kept at -80°C.
Sucrose Method
The total proteins were extracted using the sucrose method with some modifications [23] . A total of 200 mg of myclium from both species were homogenised in the presence of 0.1 g of PVPP. 2 ml of extraction buffer contain 5 % 2-ME, 5 % sucrose and 4 % SDS were added to the mixture, followed by centrifugation at 10,000g. After heating at 100°C for 3 min, the pellet was then precipitated by adding 8 volumes of chilled acetone. After an hour at -20°C, centrifugation at 10,000g was carried out. The collected pellet was centrifuged at 10,000g for 5 min after adding 5 ml of extraction buffer. Following two acetone washing steps, the protein pellet precipitated by adding 4 volumes of chilled acetone before it was dried using ScanSpeed MiniVac Evaporator (Saur, Reutlingen, Germany) and stored at -80°C.
Phenol/Ammonium Acetate in Methanol
A total of 200 mg of myclium of each species were dissolved in 2 ml extraction solution (0.9 % Sucrose, 1 M
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Tris-HCl pH 8.8, 0.4 % 2 b-mercaptoethanol and 10 mM EDTA). After vortexing and spinning down at 15,000g for 10 min, the phenol layer was discarded and aqueous phase was re-extracted with 4 ml phenol/4 ml extraction buffer. The proteins in the new phenol layer were then collected by precipitation with 5 volumes of pre-cold 0.1 M ammonium acetate in 100 % methanol. After keeping the mixture at -20°C for 16 h and spinning down at 15,000g for 10 min at 4°C, the pellet was washed two times in 20 ml mixture of 0.1 M ammonium acetate in methanol. Then the pellet was again washed two times with chilled 70 % ethanol and 80 % acetone. Finally, the pellet was precipitated and dried using ScanSpeed MiniVac Evaporator (Saur, Reutlingen, Germany) and kept in -80°C [24] .
Protein Quantification Using Bradford Assay
Prior to further analyses, the dried proteins were re-suspended with protein lyses buffer containing 9 M urea, 100 mM DTT, 2 % (v/v) IPG buffer (4-7) and 0.5 % (v/v) Triton-X 100. The Bradford assay was carried out to determine the concentration of solubilised protein using Bradford reagent (Sigma-Aldrich, St Louis, MO). A protein standard (BSA) was prepared in seven dilutions. The range of the protein assay was between 0 and 1.4 mg/ml. Determination of protein concentration was performed in duplicate. A total of 250 ll of the Bradford reagent was added to each well (96 well plates) containing 5 ll of the standard dilution and unidentified samples. The well plates were then incubated at room temperature for 20 min. Microplate Reader (Tecan, Männedorf, Switzerland) was used to measure the absorbance at 595 nm.
One Dimensional Polyacrylamide Gel Electrophoresis
To evaluate the quality of the protein obtained from the three different protocols, protein samples were separated using one dimensional SDS gel electrophoresis (1D SDS-PAGE). For each 10 ll sample, a total of 2.5 ll sample loading solution (0.5 M Tris base, 5 % glycerol, and 2 % SDS) was added. Proteins were then run through stacking gel followed by 12 % resolving gel. The run was performed at 120 V for 1 h using Mini-Protean Ò III System (Bio-Rad Laboratories, Hercules, CA, USA). The gels were then stained using silver staining protocol [25] .
Two-Dimensional Polyacrylamide Gel Electrophoresis
The protein samples extracted using the three protein extraction protocols were subjected to the 2-DE. The IPG strips were rehydrated for 12 h in the presence of 150 lg protein samples. Isoelectricfocusing (IEF) was carried out using 13 cm pH 4-7 NL Immobiline DryStrip gels (GE Healthcare, Uppsala, Sweden). IEF was performed using The PROTEAN i12 IEF system (Bio-Rad Laboratories, Hercules, CA, USA) at 500 V/4 h, 1000 V/1 h, 5000 V/1 h, 8000 V/1 h, and finally 29,000 volt-hours. After placing the equilibrated strips onto polyacrylamide gels, electrophoresis was performed using Ruby SE 600 system (GE Healthcare) for 15 min at 20 mA/gel and 4 h at 40 mA/gel. A full-range rainbow molecular marker (GE Healthcare) was used as the protein standard. The silver staining method was used to visualize the gels [25] . GS-800 Densitometer (Bio-Rad Laboratories) was used to scan the stained gels with a 32 bit pixel depth and 600 dpi resolution. Progenesis Same Spots software (Nonlinear Dynamics, Durham, NC) was used to analyze the protein spots and one-way analysis of variance (ANOVA). Three biological replicates were used in the gel analysis. Only spots with significant changes (p \ 0.05) were selected for identification.
In Gel Protein Digestion
Protein spots from 2-DE gels were excised and destained. Using 10 ll gel digestion solution [12.5 mg/ml trypsin, 25 mM ammonium bicarbonate (Fisher Scientific, USA)] was added to each gel piece and incubated overnight at 37°C. The digested peptides were extracted by incubation with 15 ml acetonitrile (ACN) containing 1.5 % trifluoroacetic acid (TFA). The digested peptides were dried by ScanSpeed MiniVac Evaporator (Saur, Reutlingen, Germany) and stored in -80°C further analysis by mass spectrometry.
Mass Spectrometry and Protein Identification
Digested proteins were further desalted with Zip-Tip Cl18 (Millipore, Bedford, MA, USA) and analyzed using an ultraflextreme MALDI TOF-TOF mass spectrometer (Bruker, Bremen, Germany). Spectra analysis was achieved using the MASCOT search version 3.5 (Matrix science: http://www.matrixscience.com) against taxonomy Fungi entries against the NCBInr 20121128 (21638856 sequences; 7420486319 residues) database using MAS-COT search engine (Last update: April, 2015).
Results
Determination of Protein Concentration Obtained from Three Extraction Methods
In this study, evaluation of protein reproducibility was done based on the amount of protein extracted from 200 mg of frozen tissues. Protein yields of 1.86 and 1.69 mg/g from G.
boninense and G. tornatum, respectively, were obtained using phenol/ammonium acetate in methanol method. The yields obtained were the highest among the three methods tested. In contrast, the TCA method gave the lowest protein yield with 0.217 mg/g of protein from G. boninense and 0.377 mg/g of protein from G. tornatum. Using the Sucrose method, protein yields obtained from G. boninense was 1.21 mg/g and from G. tornatum was 1.23 mg/g. The results obtained from the three extraction methods showed that the protein extracted from G. boninense was found to be consistently higher in concentration compared to the protein extracted from G. tornatum (Table 1) .
Evaluation of Protein Extracts from Different Extraction Methods Using One Dimensional SDS-PAGE
The three protocols compared in this study were evaluated using one dimensional SDS gel polyacrylamide electrophoresis (1D-SDS-PAGE) (Fig. 1) . The proteins separated according to their molecular weight were resolved between 12 and 150 kDa. The highest number of bands resolved in the 1D-SDS-PAGE represented the proteins extracted from G. boninense using phenol/ammonium acetate in methanol method. However, 1D-SDS-PAGE showed that the majority of the protein bands were common in the three protocols.
Comparing Protein Profiles Between Different Extraction Methods Using 2-DE Electrophoresis
Proteins extracted from both Ganoderma species using the three different protocols were subjected to two-dimensional separations based on their isoelectrical point and molecular weight. After visualizing the gels using silver nitrate, images representing protein extracts from G. boninense extracted using different protocols were shown in Fig. 2a while representative gels of G. tornatum protein extracts were shown in Fig. 2b . From the images, all protein extraction protocols resulted in higher protein spots abundance on the basic side. Proteins extracted were separated on 13 cm pH 4-7 NL IPG strips and separated on 12.5 % polyacrylamide gels (Fig. 2a, b) . The phenol/ammonium acetate in methanol method which showed the highest protein concentration and the highest number of bands in 1D-SDS-PAGE, showed the highest number of protein spots with 1860 spots detected in G. boninense and 1775 spots detected in G. tornatum (Table 2) . More protein spots with basic pH could be seen compared to protein spots with acidic pH. 2D gel images that produced the lowest number of spots were obtained using the TCA method. A total of 385 protein spots were detected from G. boninense while 296 spots were detected from G. tornatum. Using the sucrose method, 1223 spots from G. boninense and 1145 spots from G. tornatum were successfully detected. Neither horizontal nor vertical streaking patterns were noticed in any of the three extraction methods for both Ganoderma species.
A total of 10 spots were selected for MALDI TOFTOF analysis (5 from each species). All proteins were successfully identified (Table 3 ).
Discussion
Proteomics are considered as powerful tools to investigate the relationship between the plant pathogenic fungi and their host [1] . Proteomic research has been performed in Comparison of Different Protein Extraction Methods for Gel-Based Proteomic Analysis of…order to identify the virulence factors in the fungus, and to identify the mechanisms and molecules that might be playing a role to fungal pathogenicity or virulence factors, inhibitory enzymes, including cell wall degrading enzymes, and molecules involved in the fungal toxicity [19, 26] . The most commonly used method in proteomic research involving plant pathogenic fungi is 2-DE [27, 28] . Therefore, obtaining high quality protein samples for efficient 2-DE has been always a challenge, despite the increase in the number of published research related to proteomics of phytopathogenic fungi [22] . In gel-based proteomic procedures, results mainly depend on the extraction methods due to their direct effect on the purity of the protein which influences the 2-DE reproducibility and reliability [29] . In this study, the highest number of proteins was extracted from both Ganoderma species using phenol/ammonium acetate in methanol method in comparison to the other two methods that use, TCA and sucrose. The protocol showed satisfactory results, and that might be due to the efficiency of the phenol extraction buffer in separating nucleic acid and carbohydrates from the protein in the phenolic phase (upper phase), and the alkaline buffer that also helped in inhibiting proteases [24] . The TCA method was successfully used to extract proteins from many plant species such as tomatoes [30] . It also showed satisfactory results in extracting proteins from fungal tissues such as Rhizoctonia solani [18] , Botrytis cinerea [31] , Penicillium chrysogenum [32] and Aspergillus niger [33] . However, in this study, the TCA method resulted in the lowest protein concentration and fewer numbers of spots detected during 2-DE separation. This could be due to the difficulties in precipitating proteins in Fig. 2 Comparison of the 2-DE representative gels obtained from G. boninense and G. tornatum using three different methods. 150 lg protein samples (from each method) were separated on 13 cm pH 4-7 NL IPG dry strips at room temperature (26°C) TCA contacting solutions especially the high molecular weight proteins which could explained the missing protein bands of more than 52 kDa in the 1 D-SDS-PAGE [24] . Similarly, using the sucrose method of extraction, lower number of protein spots could be detected in both samples in 2-DE gels compared to the phenol/ammonium acetate in methanol. However, in the 1D-PAGE, the sucrose method showed more protein bands compared to the TCA method. Protein extractions using sucrose and phenol/ammonium acetate in methanol methods resulted in both 1D-SDS-PAGE and 2-DE gels that were comparable to each other and significantly more efficient compared to the TCA method. Although high molecular weight proteins could not be seen in the one-dimensional SDS gel, the 2-DE gels of both Ganoderma species showed that these proteins could be resolved. In general, the number of protein spots detected in G. boninense was higher than that detected in G. tornatum. The comparison between the three methods showed that the phenol/ammonium acetate in methanol method was the most acceptable and reliable method in terms of concentration obtained for 1-D and 2-DE gel profiles of both Ganoderma species. The presence of sucrose in the phenol extraction buffer also improves phase inversion, which can efficiently separate protein in the upper phase from other cell debris in the lower phase. Using the phenol method, we manage to identify 10 protein spot (5 spots from each species). Interestingly, three of the protein spot identified from the G. boninense were previously reported to have a role in pathogenicity and/or virulence of other pathogenic fungi.
20S proteasome subunit (spot 1b) identified in this study has been reported to have a role in the pathogenicity of Magnaporthe oryzae during interaction with rice [34] . Spot number 2b identified as triose-phosphate isomerase were shown to be involved in Glycolysis, sporulation-specific gene, and fungi adherence and host cell invasion in Fusarium oxysporum [35] . bZIP (basic leucine-zipper) transcription factor (spot 3b) identified in G. boninense reported earlier in transcription factor activity, fungal development, adaptation to environmental stresses and pathogenicity in the rice blast fungus [36] .
Concluding Remarks
In conclusion, this study is the first to describe the protein extraction procedure for Ganoderma spp. related to oil palm disease. The method used showed the ability to extract mycelium proteins and produce good quality gel without streaking or background. The results also suggest that phenol/ammonium acetate in methanol is effective and efficient for proteomic studies using Ganoderma mycelium, and the method could be applied for proteomic studies of other related phytopathogenic fungi. Future ''omics'' work on Ganoderma grow in vitro and in planta will be very helpful to identify virulence factors of G. boninense that help the fungus to penetrate the root cell and cause infection and/or help the fungus to survive and complete their life cycle. 
